However, forced combustion is dominantly governed by the injection rate toward the plasma jet 
Introduction
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Hypersonic vehicle concepts for high-altitude passenger planes or space launchers have been 
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For supersonic combustion, it is necessary for some mixers to hold the flame and to blend the 35 fuel-air mixture in the supersonic flow [4] . These mixers are generally categorized into two types: 36 passive methods and active methods. Passive methods, such as a cavity [5] and a step [6, 7] , provide 37 a space to hold the fuel-air mixture with minimum flow disturbance to the supersonic flow. Among 38 them, the step mixer is often chosen as the passive mixing device due to its simple geometric 39 structure. However, the recirculation region generated behind a step mixer is considered to be a 40 dead region [6] . Although there is a circular flow in the recirculation region, it is not sufficient to stir 
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From these mixer models, to enhance mixing in the supersonic combustor, it is considered that 47 a subsonic recirculation region is essential for an active stirring system. It is adequate to select the 48 step mixer for a duct-type combustor to develop a new mixer associated with the concept.
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Moreover, for the dual-mode scramjet, the upstream area of the step mixer is the isolator and the 50 enlarged downstream duct is used as the combustor. An air blowing device is applied to the step 51 mixer to actively provide air into the recirculation region behind the step mixer. This new mixer is 52 named vent slot mixer, and this has been already studied in previous work [11, 12] . The detailed 53 design is discussed later in this paper.
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In the previous work [12] , the inflowing air through the slot enlarges the jet plume developed 55 by the normal injection. The relationship between the vent mixer and the normal injection position 56 has an effect on the mixing performance. In addition, the position of the injectors in the 57 recirculation region is an important factor because the fuel (injectant) remnant is dependent on the 58 injection direction in the recirculation region [13] . Because of this, several injectors were installed in 59 different locations of the recirculation region in the current work. The previous work [12, 13] 60 utilized the slot to supply air into the recirculation region, but the current work considers the 
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The rectangular duct-type supersonic combustor model was composed of a Mach 2 half nozzle 69 and a discontinuous rectangular duct, shown in Figure 1 . The isolator was 50-mm-long and 70 30.7-mm-high, and the combustor was 210-mm-long and 36.7-mm-high. The pressure ratio between 71 the isolator inlet and outlet was 2.1 and designed using Billig's formula [3] . Air in the laboratory 72 room was drawn into a vacuum tank of 5 kPa and then accelerated through the Mach 2 half nozzle.
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The unit Reynolds number of the mixer model was about 6.6 × 10 5 per meter. Hydrogen gas was 74 used as an injectant. There were three injectors: a parallel injector (P), a normal 1 injector (N1) and a 
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The mixer models were attached to the lower wall. Two new mixer models were employed; 
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The igniter and measurement methods in the current test were utilized under the same 94 conditions of the previous tests [7, [11] [12] . A plasma jet (PJ) torch was used as the heat source to 95 ignite the hydrogen [14] . The PJ was injected from a 1.5-mm-diameter hole, which was placed at 60 96 mm from the mixer wall, with a power of 2.5 kW [15] . Schlieren images were captured using a 
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Scanivalve Inc.) with a frequency of 10 Hz. The injection pressure was measured by a PAB-A200KP 101 pressure transducer (Kyowa Inc.). A gas-sampling technique was carried out to measure the 102 residual gas on the lower wall through the pressure ports. The sample gas was evacuated to a small 103 gas-sampling chamber of 0.4 kPa for 10 s after each run, and it was analyzed with a Micro-GC 104 analyzer (CP-4900, Varian Inc). The gas-sampling uncertainty was less than 1% for N2 and 6% for O2 
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The step mixer has a simple structure to hold the recirculation region behind it, but there is little 
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With the Schlieren images, the hydrogen gas concentration was measured from span 1 (S1) and 
relatively high in comparison with that of the step mixer. The inflow air through the slot or the holes 173 disturbs the parallel injection, and this contributes to enhancing the injectant dispersion downstream.
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For the normal 1 injection, the hydrogen concentration of the step mixer decreases by half of the 175 proportion of the parallel injection case. This is because most of the injectant is thrown out to the 176 main flow and not held in the shear layer, as shown in Figure 5b . Meanwhile, for both the vent 177 mixers, the normal injection is obstructed by the extended block. Therefore, much injectant can be 178 held in the shear layer and its concentration distribution depicts a highly flat pattern in Figure 5b .
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For the normal 2 injection, three mixer models show the same distribution pattern in Figure 5c 
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The isolator of the duct-type combustor is designed using the Billig's formula and the pressure 
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However, in the suction-type test facility, the main flow recovers to supersonic flow due to the 234 vacuum suction, which comes to be the unstart again. This process is quickly repeated, as shown in 
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In the case of the normal 1 injection, both the vent mixers show similar combustion pressure 
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In Figure 11 , for the normal 2 injection, there is no thermal choking for all ER ranges. For ER = has a somewhat high pressure in the center region relative to the surrounding pressures. This is 273 considered to be owing to combustion only occurring weakly in the PJ. As mentioned earlier, the 274 normal 2 injection supplies most of the hydrogen gas into the cold main flow, so it will not be burned 275 by combustion. Because of this, combustion occurs just in the jet plume due to the small quantity of 276 hydrogen gas. As the injection rate increases, the span-wise combustion pressure rises evenly. 
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In the mixing test, the inflow air through the slot or circular holes of the mixers enhances the 306 mixing characteristics, particularly span-wise dispersion, while the injectant is emitted in the 307 recirculation region. In other words, the mixers are effective at dispersing the hydrogen-air mixture 13 
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particularly for the small combustor, it is considered that the subtle difference between fuel-air 324 mixture rates toward the plasma jet leads to a large difference in the combustion performance.
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